Introduction
============

As is the case with very large molecules, enzymes have a very large number of internal degrees of freedom. Their structures fluctuate significantly over time at physiological temperature, resulting in many interchanging conformations.[@cit1]--[@cit3] There are many enzyme conformations, well populated, which can be the starting point of the corresponding catalytic reactions. In the same way, these reactant conformations may lead to transition states and products with different geometries, or different energetics for similar transition states and products. Due to the time scale of typical bond-breaking and bond-forming processes (femtoseconds), enzyme conformations remain mostly unchanged during the event of barrier crossing. The experimental reaction rate is usually measured on macroscopic amounts of proteins and over macroscopic time scales, and reflects a weighted average over all these possible barriers arising from different instantaneous reactant conformations. Single-molecule kinetic measurements confirmed this picture.[@cit4] As these experiments measure chemical turnovers, the diversity of the observed activation barriers was limited to those that are crossed during the time of the experiment. It is tempting to speculate that, in these experiments, instantaneous barriers that lead to turnovers slower than the experimental timescale will always pass unnoticed, as the enzyme will change to lower-barrier conformations before a barrier crossing can be observed. Enzymatic studies using computational methods may easily be performed on single structures to measure barriers that are insurmountable in the time scale of experiments and clearly isolate this effect from the macroscopic average, something that experimentally is very difficult to do.

The influence of enzyme conformations on reactivity
---------------------------------------------------

Active site pre-organization has been surfacing as the most relevant factor behind the origin of an enzyme\'s catalytic power.[@cit5],[@cit6] Chemical reactions in enzymes only occur on physiologically useful timescales when the active site residues are in a suitable pre-organization position/orientation to promote the reaction; otherwise the energetic barriers will be very high, and the reaction will not take place. Enzymes are very proficient in keeping the residues in an orientation that specifically stabilizes the transition structures, as they fold in a way to lock them in those orientations. However, the position of the key residues and, in particular, the distances between the residues and the reacting substrate atoms still fluctuate significantly in the ps--ns timescale, and even at larger timescales due to greater global enzyme movements, caused by thermal motion. This strong dependence of the reactivity on specific enzyme conformations has been demonstrated by different computational studies, in which the activation barriers were calculated for several different initial conformations of the same enzyme.[@cit7]--[@cit16] For example, in ketosteroid isomerase, the barriers change is about 20 kcal mol^--1^ due to a structural variation on the active site, which determines its closure and, consequently, the progress of the catalyzed reaction.[@cit12] In fluoroacetate dehalogenase, twenty snapshots in three different systems were used, and it was found that the barrier of each reaction varies by up to 15 kcal mol^--1^. These energetic fluctuations were associated with structural parameters of the active site.[@cit13] In the reaction catalyzed by P450, variations up to 17 kcal mol^--1^ were also found.[@cit14] Our previous study on α-amylase showed that the position of a buried water molecule highly influences the barrier of activation for this enzyme. Values from 9.3 to 28.6 kcal mol^--1^ were calculated. The fluctuations in the barrier were caused, to a very significant extent, by the fluctuations in the position and orientation of this water molecule and of the two active-site reactive residues.[@cit7] These are only a few of a number of studies in which this phenomenon was studied in detail. Combining all these barriers into a single, observed one is a matter of intense research.[@cit8],[@cit17]--[@cit19] The main difficulty lies in the necessary extensive sampling that is needed to obtain good statistical convergence in the barrier height and to determine the contribution of each of the individual barriers to the final observed barrier. The thermodynamic ensembles generated by molecular mechanics force field based molecular dynamics (MM-MD) simulations from which the structures are extracted can be well balanced, but there is no guarantee that this good balance will be retained when the ensemble is reduced to a few tenths of snapshots and the MM force field is transformed into a QM/MM Hamiltonian. However, the objective of these studies is not to calculate an accurate value for the "macroscopic barrier" but instead to shed light on the fine structural requirements for a reaction to take place with a low activation barrier. Other methods, such as QM/MM MD, implicitly deal with and average these instantaneous barrier fluctuations. However, in these cases, the Hamiltonian used to describe the catalytic region is usually simplified, and the size of the QM region is reduced, in order to calculate the energies of very many structures generated by these methods.[@cit20]--[@cit25] Recent state-of-the-art studies have already calculated potentials of mean force with high-level hybrid--meta Hamiltonians, even though the size of the QM region is still reduced and the MD time, despite being remarkable, is still smaller than the timescale of many enzyme structural fluctuations, due to insurmountable CPU limitations.[@cit26] In these excellent studies, the effects of conformational diversity are accounted for implicitly, through the sampling made in each point along the reaction coordinate, and thus not used to gain understanding of the nature of the fluctuations in the interactions that stabilize the transition structures, which is the major purpose of this study and other studies of this kind.

In the present work, we have studied the first, rate-limiting step of the catalytic mechanism of HIV-1 PR ([Fig. 1](#fig1){ref-type="fig"}). This reaction step was found to take place through either the *One Asp* mechanism ([Fig. 1](#fig1){ref-type="fig"}, top) or the *Two Asp* mechanism ([Fig. 1](#fig1){ref-type="fig"}, bottom), depending on the reactant\'s conformation. We have thus tried to identify correlations between enzyme:substrate structural fluctuations and the reaction mechanism (and reaction rate), to understand the factors that led to this mechanistic divergence.

![The first step of the *One Asp* (top) and *Two Asp* (bottom) catalytic mechanisms on the carbonyl carbon of the substrate scissile bond, forming a tetrahedral intermediate. In the *One Asp* mechanism, the same aspartate residue (AspB) deprotonates the hydrolytic water molecule and protonates the peptide oxygen -- one carboxylate oxygen acts as an acid and the other as a base. In the *Two Asp* mechanism, which is most widely accepted, one of the two active site aspartates (AspB) protonates the oxyanion generated by the water attack, while the other (AspA) deprotonates the nucleophilic water. Conventionally, AspB is the residue that is considered to be protonated -- the two chains are equivalent.](c9sc01464k-f1){#fig1}

Earlier studies[@cit27]--[@cit29] systematically favored the *Two Asp* mechanism, where the Asp25 from a chain acts as a base and the Asp25 from the other chain acts as an acid, over the *One Asp* mechanism, in which a single Asp25 takes on the two roles. Here we investigate the extent to which the preference for the *Two Asp* mechanisms could have been caused by the insufficient conformational space explored in these earlier studies.

To do so, one of the possible approaches is to sample several reaction paths with QM(DFT)/MM methods, using different initial structures of the enzyme:substrate complex gathered from a long MM-MD simulation, which can span much larger timescales than a QM/MM MD. In that sense, ONIOM QM/MM calculations were performed on HIV-1 PR, starting from 19 different initial structures taken from a 130 ns MM-MD simulation, as well as the X-ray structure. This system was selected for two main reasons: (a) the size of this enzyme is small, and its structure is relatively simple and well known, composed of two identical amino acid chains, with 99 residues in each one; (b) its catalytic mechanism is well studied, both experimentally and theoretically, and can easily be transposed to similar, also well-studied, aspartic proteases.[@cit8],[@cit15],[@cit29]

The results were analyzed focusing on the understanding of the relationship between reaction pathways and activation energies obtained from each reactant conformation, and specific interactions that occur in that same conformation. We related the obtained activation barriers with structural parameters of each conformation, analyzing in particular the main enzyme--substrate distances of the active site. The results showed that the fine-level structural organization of the active site hydrogen bonding network is determinant to define the pathway of the chemical reaction. Different conformations of the active site led not only to different barriers but also to two different reaction paths with comparable barrier heights. This kind of mechanistic divergence took place at the nanosecond timescale in which the conformations were sampled.

Methods
=======

The computational protocol used in this work was very similar to the one used in one of our previous studies:[@cit30] we started by modeling the enzyme--substrate complex using the ; [4HVP](4HVP) PDB structure,[@cit31] added hydrogen atoms to the structure with the software xleap[@cit32] (standard protonation states were predicted by PropKa,[@cit33] except for Asp25B, which is known to be neutral at physiological pH), inserted the system into a pre-equilibrated rectangular water box whose faces were at least 12 Ångstrom away from any protein atom (details in the ESI[†](#fn1){ref-type="fn"}), equilibrated the system with a short MM-MD heating run, from 0 to 300 K in 40 ps, and subsequently performed a 130 ns MM-MD simulation in the NPT ensemble to sample the conformational space of the system. All the modeling and MD details can be found in the ESI.[†](#fn1){ref-type="fn"} Next, we studied the first step of the HIV-1 protease catalytic mechanism using a QM/MM methodology, starting from 30 different structures, collected from the latter MM-MD simulation. From these, 19 were possible to characterize with full convergence criteria, and over the latter we performed a structural analysis of the active site residues, correlating their structural fluctuations with the obtained activation energies. Different snapshots from the MM-MD simulation were taken based on the simulation time. We started by selecting some structures from the initial nanoseconds of the MM-MD simulation. However, the results associated with these structures were discarded due to very high barriers. We associated these results with an incorrect position of the catalytic water molecule (not present in any X-ray structure), modeled in the active site by us. Taking this into account, we decided to select well-equilibrated snapshots at regular intervals (1 ns) subsequent to the first 100 ns of MM-MD simulation.

Fig. S1[†](#fn1){ref-type="fn"} shows the distribution of energies of the reactant state in the MM-MD simulation (grey bars). The purple line indicates how many structures from each MM-MD energy range were extracted, as a full protein:substrate plus water shell model, and changed to the QM/MM level, to calculate the reaction mechanism and activation barriers. As can be seen, the structures taken from the MM-MD simulation belong to well-populated areas of the MM-MD ensemble and follow the MM-MD distribution reasonably well, even though direct comparison should be made with caution due to the change in the system\'s Hamiltonian. Both distributions do not need to be "superimposable", but only "reasonably similar". In fact, the reaction rate depends linearly on the conformation populations but exponentially on the activation free energy and, therefore, differences between the distributions only have an impact on the reaction rate if they amount to orders of magnitude.

Similar QM/MM models, applying an ONIOM scheme as implemented in the Gaussian 09 software package,[@cit34] were defined for each enzyme:substrate complex. All the prepared systems contained a total of 6232 atoms with 90 atoms in the QM layer and the remaining system in the MM layer. The QM layer contained the two catalytic aspartates, the nucleophilic water molecule, seventeen atoms of the substrate, two other water molecules and some residues around the groups that actively participate in the reaction (Ala28B, Gly27B, Thr26B, Gly27A, Ala28A, and the carbonyl group of Thr26A). A cap of 1000 water molecules (∼3 Å around the protein) was kept in the model. The water molecules were frozen during all the calculations, except the ones present in the high layer. The freezing scheme was shown to be adequate in an earlier study.[@cit30] The interaction between the layers was treated with the electrostatic embedding scheme. The QM layer was optimized with the density functional B3LYP[@cit35] and 6-31G(d) basis set. Hydrogen atoms were used as link atoms where QM covalent bonds were truncated. The reaction path was studied in the same manner for all models, using the same reaction coordinate (the distance between the oxygen of the nucleophilic water molecule and the carbonyl carbon of the scissile peptide bond of the substrate) for an initial exploitation. The structures with the highest energy in the performed scans were used as starting guesses for a full optimization of the transition structure geometry. Nuclear vibrational frequencies were determined to confirm the nature of the stationary points (absence of imaginary frequencies in minima and one imaginary frequency in each transition state). Zero-point energies were computed at the B3LYP/6-31G(d) level of theory,[@cit36]--[@cit38] using the harmonic oscillator/rigid rotor formalism.[@cit39],[@cit40] Intrinsic reaction coordinate (IRC) calculations were performed to obtain reactant, transition state and product structures in the same relative minimum. Single point energy calculations were performed using the M06-2X density functional and a higher basis set (6-311++G(2d,2p)). This theoretical level was used because we have seen in earlier benchmarks that it provides excellent results for main group chemistry reactions in enzymes.[@cit41]--[@cit44] The final results were represented as QM/MM energies plus ZPE. All the calculations were performed using the ONIOM scheme[@cit45] as implemented in the Gaussian 09 software package.[@cit34]

Moving from the MM-MD simulation to the QM/MM studies implies methodological differences that are important to have in mind. First of all, the molecular model is different. While in an MM-MD simulation the system is studied as periodic, with explicit solvent, in QM/MM calculations a single protein:substrate system in a small cap of constrained water molecules is used. The Hamiltonian, which is used to treat the system, is also different in both methodologies. These factors, together with the (still) limited QM/MM sampling, make it difficult to assign a rigorous relative weight to each of the calculated barriers. Despite these limitations, the methodology used here is obviously adequate to help us understand the influence of enzyme thermal conformational fluctuations on the chemical pathway and the activation barrier.

Results and discussion
======================

The MM-MD performed in this work generated an isothermic--isobaric ensemble distribution of different microstates, in the reactant state. We studied the barriers of a significant number of structures and used them as a "reduced ensemble" of initial structures to study the rate-limiting step of the reaction ([Fig. 1](#fig1){ref-type="fig"}). Enzyme conformational rearrangements occurring in a larger time scale than that covered during the MM-MD simulation (130 ns) were not explored. This is a general limitation of MM-MD simulations, due to the large timescale of enzyme motions, which easily goes beyond milliseconds. A more thorough conformational space of the active site requires invoking advanced sampling techniques such as parallel tempering and related methods[@cit46],[@cit47] or collective coordinate based sampling methods.[@cit48] Out of the 30 selected initial structures, only 19 were used in our analysis. These were the ones where the calculations and analysis were possible to carry out with rigor. The remaining 11 had to be excluded due to optimization problems or difficulties in characterizing the stationary points (reactants or transition states). The transition state for this step is particularly difficult to optimize, due to the intricate network of hydrogen bonds; despite having the active site residues and substrate properly positioned to react, some specific structures are so difficult to optimize that computationally it becomes more economical to start with a large number of structures and afterwards just discard the most problematic ones.

Spread of the activation barriers and chemical disorder
-------------------------------------------------------

The results showed activation barriers (Δ*E* + ΔZPE) ranging from 17.3 to 32.2 kcal mol^--1^ at the M06-2X/6-311++G(2d,2p):ff99SB level of theory ([Fig. 2](#fig2){ref-type="fig"}), covering a span of 15 kcal mol^--1^. More importantly, two different reaction mechanisms (*One Asp* mechanism and *Two Asp* mechanism) were observed, the occurrence of which depended on the specific reactant structure ([Fig. 3](#fig3){ref-type="fig"}). The activation barriers changed widely in the nanoseconds time scale, as did the reaction mechanisms. The energy barrier, obtained using the structure taken after 120 ns of MM-MD simulation, was the lowest among all our measurements, and corresponds to 17.3 kcal mol^--1^. Just 1 ns later, the activation barrier was above 30 kcal mol^--1^.

![Activation barriers for the snapshots selected from the MM-MD simulation. These barriers corresponded to zero-point corrected total energies ![](c9sc01464k-t1.jpg){#ugt1}, calculated at the M06-2X/6-311++G(2d,2p):ff99SB level of theory. The purple and cyan points correspond to structures that react through the *One Asp* mechanism and the *Two Asp* mechanism, respectively. The lowest activation barrier (17.3 kcal mol^--1^) was obtained, starting from the structure taken after 120 ns of MM-MD simulation. The dashed line provides a visual guidance for the chronological order of the barriers and does not correspond to an interpolation of the energies between them.](c9sc01464k-f2){#fig2}

![(a) Reactant state from the structure taken after 120 ns of MM-MD simulation, which is associated with the lowest energetic barrier. Only the QM layer was represented for simplicity. Important active site distances (explained in the main text above) are highlighted. (b) 2D representation of the relevant active-site interactions.](c9sc01464k-f3){#fig3}

Small changes in the position/orientation of the active site residues, as well as small movements of the catalytic water molecule, seem to justify, to a great extent, the propensity for each of the two different mechanisms. The conformational fluctuations do not correspond to changes in global folding (which take place in much larger timescales), but instead to much more subtle changes (mostly hydrogen bonding distances) that, despite being small, can modify the very important chemical interactions between the substrates and the active site, leading to a change in the reaction pathway.

The turnover of HIV-1 PR takes place in seconds, a timescale at least nine orders of magnitude slower than the fluctuations of the barrier. This means that the experimentally observed kinetics could be a consequence of the overcoming of a few low barriers that occur at well-defined conformations and generate perfectly pre-organized active site conformations. Despite the limited sampling achieved here, due to the high-level theoretical methods and large QM regions employed, the high frequency at which these low-barrier structures appear (7 out of 19, with barriers smaller than 22 kcal mol^--1^) is more than enough to overcome the very high Boltzmann penalties associated with the more frequent, high-barrier structures, and thus the former should determine the reaction kinetics. In this regard, it is important to keep in mind that the turnover rate depends linearly on the frequency of reactive conformations and exponentially on the barrier heights, meaning that the turnover rate is much more sensitive to the latter than to the former. The conclusion is consistent with other previous studies, where low-energy barriers were not found in the majority of the explored conformations but still in a very reasonable number of cases.[@cit7],[@cit8],[@cit49] In analogy to the concept of "static/dynamic/instantaneous disorder" coined in the past for the dispersion in *k*~cat~ arising from folding fluctuations at several timescales,[@cit50]--[@cit53] we refer to the phenomenon seen herein as "chemical disorder", with the adjective "instantaneous" due to the nanosecond timescale in which it takes place.

Two different reaction mechanisms
---------------------------------

The *Two Asp* mechanism is well described and widely accepted in the literature, for HIV-1 PR and other similar aspartic proteases.[@cit27],[@cit28],[@cit54],[@cit55] Considering that the Asp25 that is known to be protonated is the one from chain B (conventionally since the chains are equivalent), the mechanism is characterized by a nucleophilic attack of the water molecule present between both catalytic Asp25 residues, on the carbonyl carbon of the scissile bond, while it loses a proton to Asp25A. During the same reaction step the carboxylate of Asp25B protonates the carbonyl oxygen of the peptide bond. In the *One Asp* mechanism, the Asp25A does not participate directly in the reaction, even though it is still fundamental because it raises the p*K*~a~ of Asp25B, making it neutral at the beginning of the reaction. In this mechanism, the unprotonated oxygen of Asp25B abstracts the water proton when the water molecule attacks the carbonyl carbon, while the Asp25B acidic proton is transferred to the carbonyl oxygen. These two mechanisms present a similar chemistry, the main difference being whether a single Asp residue acts as an acid and a base in the same step, or if the two functions are divided by two equivalent Asp residues, and whether a negative or a neutral Asp acts as a base. The fact that their chemistry is similar may be the reason why the enzyme was found to stabilize both transition states to a comparable extent.

Equivalent low barriers were found in both mechanisms, provided that the conformation of the active site is adequate. For example, the structure taken after 109 ns of MM-MD simulation is associated with a high barrier of 31.5 kcal mol^--1^, which means that this structure is not adequate to initiate the reaction mechanism. However, after 1 ns of MM-MD simulation (110 ns), small fluctuations on the enzyme and substrate structure enable the reaction (activation barrier of 17.8 kcal mol^--1^) to take place. For these two structures, the reaction occurs *via* the *Two Asp* mechanism. The structure found just one nanosecond later (111 ns) reacted, in turn, *via* the *One Asp* mechanism with a favorable activation barrier of 18.0 kcal mol^--1^. A structural analysis comparing both mechanisms and correlating the enzyme--substrate structure with them, and with the activation barriers, was performed and is detailed in the next section.

Why two mechanisms?
-------------------

[Fig. 3](#fig3){ref-type="fig"} presents the QM layer used in the QM/MM calculations, highlighting the most relevant distances for the reaction, which we analyzed to understand the origin of the propensity for each of the two mechanisms. These specific distances were chosen because they correspond to all the bond-breaking/bond-forming distances and first-shell interactions with reacting atoms. For simplicity, we only represent the QM layer from the structure that reacted with the smallest barrier (120 ns -- 17.3 kcal mol^--1^). Six distances were selected for analysis, which encompass interactions between reacting atoms (*d*1 to *d*4) and fundamental hydrogen bonds that tune the p*K*~a~ of the reacting groups (*d*5 and *d*6, which tune the p*K*~a~ of Asp25A). *d*1 is the distance between the oxygen of the catalytic water and the carbonyl carbon of the substrate scissile bond (Met201); *d*2 is the distance between the acidic hydrogen atom from the Asp25B carboxylic group and the oxygen atom from the carbonyl group of Met201 that will be protonated; *d*3 corresponds to the smallest distance between a (basic) oxygen from the Asp25A carboxylic group and a proton from the catalytic water molecule; *d*4 corresponds to the distance between the non-protonated oxygen from the carboxylic group of Asp25B and the catalytic water molecule; *d*5 is the distance between the hydroxyl proton of Thr26B and the carboxyl oxygen from the Asp25A and, finally, *d*6 is the hydrogen bond distance between a carboxyl oxygen atom from Asp25A and a buried water molecule present at the active site. These structural parameters were evaluated in the optimized reactant structures (after IRC calculations) and in the optimized transition structures.

Table S1[†](#fn1){ref-type="fn"} summarizes the results, indicating the reaction mechanism that corresponds to each reactant structure, and the obtained activation barriers, as well as the *d*1--*d*6 values. The obtained barriers ranged from 17.3 kcal mol^--1^ to 32.2 kcal mol^--1^. This range was similar for both mechanisms: 17.3--31.5 kcal mol^--1^ for the *Two Asp* mechanism, and 18.0--32.2 kcal mol^--1^ for the *One Asp* mechanism. The barriers for the two mechanisms can be considered as equivalent within the accuracy of the method.

It is evident that the "instantaneous" propensity of each of the two mechanisms will depend on the geometry of the whole protein system and solvent at that specific moment. The question that arises is whether some (few) of the interactions of the whole system have a very preponderant role in determining the mechanistic route. It is expectable that the local interactions around the reactive atoms represent most of the determining effect, but it remains to be known if these are dominant enough to allow explaining the mechanistic route just by themselves. After all, it is not easy to reduce a whole protein, having many thousand degrees of freedom, plus the solvent, to only six active-site degrees of freedom, and still explain the observed effects just based on the latter.

Therefore, to understand the origin of the propensity for the two reaction mechanisms, we investigated if any of the individual key distances *d*1--*d*6 for the reaction correlated with the tendency for a specific mechanism. However, no correlation was found. Additionally, all the individual distances of each structure were represented against the respective barrier. The results showed that there is no evident correlation between the individual distances and the energetic barriers (see Fig. S2 and S3 in the ESI[†](#fn1){ref-type="fn"}).

The instantaneous active site hydrogen-bonding network determines the chemical mechanism
----------------------------------------------------------------------------------------

The previous results show that the propensity to follow a given reaction mechanism is too complex to be captured by a single internal degree of freedom, a single chemical interaction. Instead, this tendency seems to depend on the overall pre-organization of the whole active site. To test if this is the case, we hypothesized what would be the chemical interactions that would drive the reaction through each of the two mechanisms, basing ourselves on the principles of chemical reactivity and transition state stabilization.

It is expectable from the point of view of chemical reactivity that the p*K*~a~ of Asp25A is relevant in this regard, as in the *Two Asp* mechanism it should act as a base but in the *One Asp* mechanism it should not. Therefore, low p*K*~a~ values should deviate the chemical flow from the *Two Asp* mechanism, due to a less competent Asp25A base. It is also evident that the strength of the two hydrogen bonds established between the Asp25A carboxylate and the Thr26B and the structural water molecule will be relevant to tune the Asp25A p*K*~a~ -- the shorter the hydrogen bonds, the lower the p*K*~a~.

A second aspect that will determine the reaction pathway is how close a basic Asp25 is from the hydrolytic water, and how far the competing Asp25 is from the same water. For example, the *One Asp* mechanism will be promoted when Asp25B is close to the hydrolytic water (distance *d*4), making easier the water deprotonation by this residue and, similarly, when the competing Asp25A base and the hydrolytic water are far apart (distance *d*3), as the water deprotonation by the competing Asp25A becomes increasingly difficult.

Looking at the active site interactions shown in [Fig. 3](#fig3){ref-type="fig"}, there do not seem to exist any more differentiating interactions from the point of view of chemical reactivity. The remaining interactions are related to the attack of the hydrolytic water on the peptide bond (*d*1) and protonation of the peptide oxygen (*d*2). As these reactions take place in both mechanisms, they are not expected to exert a discriminatory effect that selectively drives the system through one chemical pathway over the other.

The effect of the active site hydrogen bonding on the Asp25B p*K*~a~ can be summarized by the variable *d*5 + *d*6 (the smaller the sum, the stronger the hydrogen bonds, and the lower the p*K*~a~ will be); the difference between the proximity of the two competing Asp25 bases and the hydrolytic water can be interpreted by analyzing the variable *d*4 -- *d*3 (the smaller this value is, the closer is Asp25B to the water molecule in relation to Asp25A). Overall, the collective variable *d*~col~ = *d*4 + *d*5 + *d*6 -- *d*3 expresses the two conditions together; therefore, it is expectable that small *d*~col~ values should represent an active site pre-organized to drive the reaction through the *One Asp* and large *d*~col~ values express an active site pre-organized to drive the reaction through the *Two Asp* mechanism.

To confirm that this is the case, we plotted *d*~col~ against the barrier height ([Fig. 4](#fig4){ref-type="fig"}). A very clear distinction between the two mechanisms emanates, with the *One Asp* mechanism being dominant at low *d*~col~ values and the *Two Asp* mechanism being dominant at high coordinate values, as anticipated, confirming that the specific interactions pointed out have a very prominent role in determining the reaction pathway. As their distances fluctuate, due to thermal motion, the chemical pathway changes as a consequence, bringing nanosecond-timescale "instantaneous" chemical disorder to the system.

![Activation barrier, chemical pathway and *d*~col~ (*d*4 + *d*5 + *d*6 -- *d*3). A very clear correlation between the value of *d*~col~ and the reaction pathway is visible. The *One Asp* mechanism is correlated with small values of *d*5 + *d*6 (stronger hydrogen bonding to Asp25A and, consequently, lower Asp25A p*K*~a~) as well as small values of *d*4 and large values of *d*3, promoting water deprotonation by Asp25B over competing Asp25A. The opposite tendency is observed for the *Two Asp* mechanism. In the three exceptional cases where these conditions were not fulfilled, the barriers were far too high for any of the two mechanisms to take place.](c9sc01464k-f4){#fig4}

The origin of the barrier fluctuations in each reaction mechanism
-----------------------------------------------------------------

Besides the existence of chemical disorder, leading to two different chemical pathways, it is also interesting to analyze the barrier fluctuations within each pathway. In both mechanisms, low activation barriers are expected to be promoted by reactant conformations having short distances between the atoms that will react. These are the distance between the hydrolytic water and the peptide carbon atom (*d*1) and the distance between the substrate\'s carbonyl oxygen and the Asp25B that will protonate it (*d*2).

Additionally, for the *One Asp* mechanism, the hydrogen bond distance between the hydrolytic water and Asp25B (*d*4) is important for the barrier, as Asp25B has to deprotonate this water. Short hydrogen bonds will be associated with smaller barriers. Larger distances between Asp25A and the hydrolytic water (large *d*3) will also promote small barriers in this mechanism, by reducing the electrostatic repulsion between the negative Asp25A and the hydroxide ion that is formed in the transition state. These proposals, based on chemical principles of reactivity, can be tested by correlating the variable *d*one Aspcol = *d*1 + *d*2 + *d*4 -- *d*3 (that summarizes all the hypotheses) with the activation barrier heights ([Fig. 5a](#fig5){ref-type="fig"}). As expected, the correlation is very clear, confirming that the described network of hydrogen bonds has a relevant role in defining the barrier height.

![Correlation between the collective variable *d*one Aspcol = *d*1 + *d*2 + *d*4 -- *d*3, for the *One Asp* mechanism (a), and *d*two Aspcol = *d*1 + *d*2 + *d*3 -- *d*5 -- *d*6, for the *Two Asp* mechanism (b), and the activation barriers. A correlation can be seen in the first one, with the barrier growing as *d*one Aspcol grows, as expected, almost without exception. For the second, there is a clear tendency for finding high barriers when *d*two Aspcol is above ∼1.5 Å, but additional factors not contemplated in *d*two Aspcol may find some relevance for smaller values.](c9sc01464k-f5){#fig5}

For the *Two Asp* mechanism, short distances between the hydrolytic water and the Asp25A base (small *d*3) are expected to promote water deprotonation by Asp25A; longer hydrogen bonds to Asp25A formed by the catalytic water and by Thr26B (large *d*5 and *d*6, respectively) should also be important to promote this mechanism as they increase the Asp25A p*K*~a~, making it a better base. These criteria can be tested by correlating *d*two Aspcol = *d*1 + *d*2 + *d*3 -- *d*5 -- *d*6 with the barrier ([Fig. 5b](#fig5){ref-type="fig"}). In this case, the correlation is not as clear as in the previous ones, in particular for small *d*two Aspcol values, but it is still quite clear that values larger than ∼1.5 Å for this collective variable lead to high activation barriers, making difficult the progress of the reaction. The correlation seems to indicate that other geometric aspects, not incorporated into the already complex collective variable, may also be making a substantial contribution for short *d*two Aspcol values.

We note that it is tempting to make a multiple linear regression of the *d*1--*d*6 distances (or for many other possible distances) and the activation barriers, for the discrimination between mechanisms. A recent study by Lodola *et al.*[@cit56] has shown that interesting information can be extracted from the reactant conformation using principal component analysis, partial least squares regression analysis, and multiple linear regression analysis. We avoided doing so here because the number of independent observables was not large enough for automated methods to extract better information than the one obtained by an expert analysis based on chemical reactivity principles. The number of independent measurements (19) and the number of variables to be fitted (6) might easily lead to overfitting, in particular when the 19 barriers were split between two mechanisms (11 for one and 8 for the other). The purpose for relating collective variables with the barrier height or reaction mechanism was to demonstrate that a very significant fraction of the origin of the fluctuations and the origin of the preference between mechanisms was related to these key interatomic interactions (that make sense from a chemical point of view) and to their thermal fluctuations, and not to reproduce the barriers or the choice between mechanisms through a fitted function. In summary, our purpose was to achieve "chemical understanding" and use the collective variables to test the chemical insights, and not the contrary.

Finally, it is important to discuss the use of the X-ray conformation (the most abundant conformation) for the determination of the chemical mechanism and barrier height. A very large body of studies[@cit19],[@cit57]--[@cit63] shows that a correct X-ray conformation almost always provides barrier heights in agreement with experiments, and chemical mechanisms that are widely accepted to also be correct. This is particularly true for X-ray structures co-crystallized with a substrate/transition state analogue. Here, the use of X-ray structures is futile, as the catalytic water molecule is never present in the experimental structures, and it is its exact position that determines the outcome of the reaction mechanism and barrier height. Therefore, the very act of modeling this missing molecule (with all the involved assumptions and ambiguities) would mostly determine the result of the calculation. As such, the best solution here was to embark on a multi-PES study.

Conclusions
===========

The aim of this work was to understand the effect of conformational fluctuations on the reaction mechanism followed by HIV-1 PR. A total of 19 different structures, collected from a long classical MM-MD simulation were used as initial reactants to study the reaction path of the first step of this mechanism, with QM/MM calculations.

The results showed that the different conformations of the enzyme in the reactant state lead to two different reaction mechanisms. We studied the reasons behind this effect, which we have named chemical disorder. We found that fast rearrangements in the hydrogen bonding network of the active site push the chemical reaction through one way or the other of this mechanistic bifurcation. As these interactions fluctuate at the nanosecond timescale, due to thermal motions, the most favorable mechanism also changed, according to the instantaneous enzyme conformations, bringing nanosecond-timescale "chemical disorder" to this amazing enzyme, a phenomenon very rare in enzymatic systems that challenges the "one enzyme--one substrate--one reaction mechanism" paradigm.

The competent activation barriers for both mechanisms were similar, as well as the populations for the reactants that drive the mechanism through each of the pathways.

The *One Asp* mechanism was considered as less probable in the past, due to the large barriers found by other authors.[@cit8] The *Two Asp* mechanism is well described and accepted in previous studies of HIV-1 PR and other proteases. The *One Asp* mechanism was found to take place when Asp25A is well stabilized through hydrogen bonds with a structural water molecule and Thr26B, lowering its p*K*~a~ and making it a weaker base. The relative proximity between the competing Asp25A and Asp25B bases and the hydrolytic water proton, which fluctuates due to thermal motion, also influences which of them will deprotonate it, and thus the outcome in terms of the reaction pathway. The role of this structural water molecule was not documented before, even though its prevalence during the MM-MD simulation is consistent with its relevance to the HIV-1 PR mechanism. The results provide a very interesting glimpse into the intricacies of an apparently well-known enzyme, revealing the underlying richness of HIV-1 PR chemistry. The extent to which chemical disorder is prevalent in the general enzymatic world is yet to be known.
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